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SH2B1 is a key regulator of body weight in mammals.
Here,we identifieddSH2Bas theDrosophilahomolog
of SH2B1. dSH2B bound to Chico and directly pro-
moted insulin-like signaling. Disruption of dSH2B
decreased insulin-like signaling and somatic growth
in flies. dSH2B deficiency also increased hemolymph
carbohydrate levels, whole-body lipid levels, life
span, and resistance to starvation and oxidative
stress. Systemic overexpression of dSH2B resulted
in opposite phenotypes. dSH2B overexpression in
fat body decreased lipid and glucose levels, whereas
neuron-specific overexpression of dSH2Bdecreased
oxidative resistance and life span. Genetic deletion of
SH2B1 also resulted in growth retardation, obesity,
and type 2 diabetes in mice; surprisingly, life span
and oxidative resistance were reduced in SH2B1
null mice. These data suggest that dSH2B regulation
of insulin-like signaling, growth, and metabolism is
conserved in SH2B1, whereas dSH2B regulation of
oxidative stress and longevity may be conserved in
other SH2B family members.
INTRODUCTION
Nutrient storage and availability are essential for growth, repro-
duction, and survival of multicellular organisms. Multiple tissues
and organs act together to maintain lipid and glucose (two main
forms of nutrients) homeostasis. A sophisticated neuroendocrine
system has evolved to maintain lipid and glucose homeostasis.
However, molecular evolution of this metabolic regulation
system remains largely unknown.
A large body of evidence indicates that the insulin/insulin-like
growth factor 1 signaling (IIS) pathway is evolutionarily
conserved from Caenorhabditis elegans through mammals and
controls lipid and glucose metabolism, growth, reproduction,
and longevity (Giannakou and Partridge, 2007; Taguchi and
White, 2008). The key components of the IIS pathway (e.g., the
insulin receptor, IRS proteins, PI3K, Akt, and FOXO1) are
conserved in Caenorhabditis elegans, the fruit fly DrosophilaCmelanogaster, and humans. Importantly, defects in the IIS
system result in similar metabolic defects in flies and mammals
(Giannakou and Partridge, 2007; Taguchi and White, 2008).
The Drosophila genome contains seven insulin-like peptide
genes (dilp1–7), and dILP2, 3, and 5 are the primary forms ex-
pressed and secreted by the brain median neurosecretory cells
(Broughton et al., 2005; Giannakou and Partridge, 2007; Ikeya
et al., 2002). Flies express a single insulin receptor (dInR), and
all seven forms of dILPs activate dInR (Ikeya et al., 2002). Active
dInR tyrosyl phosphorylates Chico, a Drosophila ortholog of IRS
proteins (Bo¨hni et al., 1999). Chico acts downstream of dInR to
activate dPI3K that promotes phosphorylation and activation
of dAkt (Giannakou and Partridge, 2007; Taguchi and White,
2008). dAkt phosphorylates dFOXO, resulting in the cytoplasmic
retention of dFOXO (Puig et al., 2003). Ablation of the brain dILP-
producing neurosecretory cells (dILP deficiency) or impairment
in dILP signaling results in an increase in lipids and hemolymph
glucose (Broughton et al., 2005; Lee et al., 2008; Rulifson
et al., 2002; Teleman et al., 2006). Additionally, dILP deficiency
impairs fecundity and increases longevity (Broughton et al.,
2005; Rulifson et al., 2002; Wessells et al., 2004). Genetic loss
of Chico also results in growth retardation, obesity, and exten-
sion of life span (Bo¨hni et al., 1999; Clancy et al., 2001; Tu
et al., 2002).
We recently reported that SH2B1 is a component of the IIS
pathway in mice (Duan et al., 2004b; Morris et al., 2009). The
SH2B family members (SH2B1, 2, and 3) contain characteristic
PH and SH2 domains; SH2B1 is believed to serve as an adaptor
in cell signaling (Maures et al., 2007). We showed that genetic
disruption of SH2B1 results in obesity and type 2 diabetes in
mice (Duan et al., 2004b; Li et al., 2006; Ren et al., 2005).
Neuron-specific restoration of SH2B1 fully rescues obesity and
type 2 diabetes in SH2B1 null mice (Ren et al., 2005, 2007).
Neuronal SH2B1 controls appetite, energy balance, and body
weight at least in part by enhancing leptin sensitivity in the brain
(Li et al., 2007; Ren et al., 2007). Importantly, mutations in the
SH2B1 loci link to obesity in humans (Jamshidi et al., 2007; Thor-
leifsson et al., 2009; Willer et al., 2009). A chromosomal deletion
of the SH2B1 loci cosegregates with early-onset severe obesity
and insulin resistance in humans (Bochukova et al., 2010).
SH2B1 regulation of lipid and glucose metabolism appears to
be conserved in rodents and humans.
In this study, we identified the Drosophila homolog of SH2B1
(dSH2B, also called dLnk). We showed that from insects toell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc. 427
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Figure 1. dSH2B Is Required for Normal Growth of Flies
(A) A schematic representation of Drosophila and Homo sapiens
SH2B proteins. PH, pleckstrin homolog domain; SH2, Src
homolog 2 domain. The numbers indicate the similarity/identity,
respectively.
(B and C) dSH2B mRNA abundance (normalized to RPL32) in
wild-type w1118 flies (>400 embryos, >240 larvae, 40 pupae, and
40 adult flies). L1, first-instar; L2, second-instar; L3, third instar
larvae.
(D) dSH2B mRNA abundance in wild-type w1118 adult flies under
fed or starved conditions (n = 4, 40 flies).
(E) Total RNA was extracted from the whole body of dSH2BD/D
(D/D) and wild-type (WT) adult flies (3 days) and reversely tran-
scribed into cDNAs. dSH2B or b-actin cDNAs were amplified by
PCR using dSH2B- or b-actin-specific primers.
(F) Third-instar larvae and adult flies.
(G) The length of third-instar larvae (WT and D/D: 64 flies) and the
body weight of adult flies at 1 day of age (WT and D/D: 160 flies).
(H) Adult fly wings (3 days). Enlarged images are on the right.
(I) Wing area and the size and total number of wing epithelial
cells in adult flies at 3 days of age (n = 32). Data are presented
as means ±SEM. *p < 0.05.
Cell Metabolism
SH2B Regulation of Metabolism and Longevitymammals, SH2B similarly regulates the IIS pathway, growth,
metabolism, and reproduction. dSH2B in fat body plays a key
role in regulating energy metabolism in insects, whereas
neuronal SH2B1 has evolved a new function in controlling energy
balance and body weight in mammals. dSH2B, particularly
neuronal dSH2B, also regulates oxidative stress and longevity.
RESULTS
SH2B Regulates Growth and Reproduction
in Both Insects and Mammals
In search for SH2B1-related molecule(s) in flies, we identified
dSH2B (CG17367). The Drosophila genome contains a single
dSH2B gene. dSH2B was structurally similar to SH2B1, contain-
ing a PH domain and a SH2 domain (Figure 1A). The amino acid
sequences are highly conserved in these two domains. dSH2B
was expressed ubiquitously and at all developmental stages,
with the highest levels in embryos, pupae, and adult flies (Figures
1Band 1C). Starvation stimulated dSH2B expression (Figure 1D).
To examine the physiological roles of dSH2B, the dSH2B gene
was disrupted by inserting a P element (7 kb) into the first
(designated as dSH2BD, the Bloomington Drosophila Stock
Center) or the second intron (designated as dSH2BF, the Exelixis
Collection at the Harvard Medical School) (Figure S1A). dSH2B
mRNA was detected in wild-type but not homozygous428 Cell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc.dSH2BD/D flies (Figure 1E). dSH2B expression was
also undetectable in homozygous dSH2BF/F and
heteroallelic dSH2BD/F animals (Figure S1B). The
mutant flies were backcrossed with w1118 wild-type
flies for over six generations and used for experiments
described below.
Disruption of dSH2B reduced body sizes of both
homozygous dSH2BD/D larvae and adult flies (Fig-
ure 1F). Body length decreased by 11% in third-instar
larvae, whereas body weight decreased by 21% in
adult flies (Figure 1G). Wing size was reduced in adult
dSH2BD/D flies (Figure 1H). A reduction in wing sizewas due to a decrease in both the size and number of epithelial
cells in wind blades (Figure 1I). dSH2B disruption resulted in
growth retardation in both males and females and in two addi-
tional strains (dSH2BF/F and dSH2BD/F) (Figures S1C and S1D).
Additionally, dSH2B deficiency caused a developmental delay
during pupation; homozygous dSH2BD/D females, but notmales,
were sterile (Figures S1E and S1F).
SH2B1 null mice also exhibited growth retardation prior to
adulthood. In SH2B1 knockout mice, body weight decreased
by 32% and 31% at 3 and 4 weeks of age, respectively; body
length also decreased by 12% and 6% at 3 and 4 weeks of
age, respectively (Figures S1H). Moreover, deletion of SH2B1
impaired reproduction in mice (Ohtsuka et al., 2002).
SH2B Regulates Lipid Metabolism in Both Insects
and Mammals
To examine the role of dSH2B in lipid metabolism, fat bodies,
which are functionally equivalent to white adipose tissue and
the liver in mammals, were isolated from adult flies and stained
with Nile red. dSH2B deficiency caused a marked increase in
lipid accumulation in dSH2BD/D fat bodies (Figure 2A). Total
triglycerides (TAG) were increased by 92% in dSH2BD/D
compared with that in coisogenic wild-type animals (Figure 2B).
TAG was also markedly increased in dSH2BF/F adult flies
(Figure S1G).
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Figure 2. dSH2B Is Required for Lipid and Glucose
Homeostasis in Drosophila
(A) Fat bodies were isolated from WT and D/D adult flies
(3 days), and lipid droplets were stained with Nile red.
(B) Total triglycerides (TAG) were measured in adult flies
(3 days) and normalized to total protein levels (32 flies
per group).
(C) Survival curves of starved flies (3 days) (160 flies per
group).
(D) Total TAG levels in adult flies (3 days) starved for
various times (24 flies per group).
(E) Tissue extracts were prepared from actin-GAL4/+ (act-
Con) or actin-GAL4/UAS-dSH2B transgenic (act-dSH2B)
adult flies (3 days) and immunoblotted with anti-dSH2B
or anti-a-tubulin antibodies.
(F) Whole-body TAG levels were measured in actin-
GAL4/+ and actin-GAL4/UAS-dSH2B adult flies (3 days)
and expressed as percent of actin-GAL4/+ TAG levels
(32 flies per group).
(G) Survival curves of starved flies (3 days) (120 flies per
group).
(H) Total TAG levels in starved adult flies (3 days) (32 flies
per group).
(I) Hemolymph carbohydrates in adult flies under fed
conditions (60 flies per group).
(J) The whole-body carbohydrate levels in adult flies under
fed conditions (32 flies per group).
(K) Total head RNA was prepared from fed adult flies and
used to measure dilp mRNA abundance (normalized to
RPL32 expression) by quantitative RT-PCR (120 flies per
group). Data are presented as means ±SEM. *p < 0.05.
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SH2B Regulation of Metabolism and LongevityTAG supports survival during starvation; thus, we measured
survival rates and TAG levels in dSH2B mutant flies during star-
vation. Loss of dSH2B markedly increased survival rates in
dSH2B null flies (dSH2BD/D, dSH2BF/F, and dSH2BD/F) during
food deprivation (Figure 2C). The median and maximum survival
times increasedby 50%and27% indSH2BD/D flies, respectively.
TAG levels were significantly higher in dSH2BD/D than in wild-
type animals at each time point during starvation (Figure 2D).
To determine whether an increase in dSH2B reduces
adiposity, UAS-dSH2B transgenic lines were generated by P
element-mediated germline transformation. The UAS-dSH2B
transgene alone did not alter body weight, TAG levels, and
survival rates during starvation in UAS-dSH2B flies (Figure S2).
UAS-dSH2B flieswere crossedwith actin-GAL4 drivers to obtain
actin-GAL4/UAS-dSH2B animals. Recombinant dSH2B was
ubiquitously expressed in actin-GAL4/UAS-dSH2B flies at
higher levels than endogenous dSH2B in actin-GAL4/+ drivers
(Figure 2E). Ubiquitous overexpression of dSH2B reduced total
body TAG levels by 35% in actin-GAL4/UAS-dSH2B animals
(Figure 2F). Additionally, dSH2B overexpression also markedly
increased starvation-induced death of actin-GAL4/UAS-
dSH2B flies (Figure 2G). The median survival time was reduced
by 21% in actin-GAL4/UAS-dSH2B flies. TAG levels were also
significantly lower in actin-GAL4/UAS-dSH2B than in actin-
GAL4/+ drivers at each time point during starvation (Figure 2H).Cell Metabolism 1We reported previously that genetic deletion
of SH2B1 results in morbid obesity in mice (Li
et al., 2006; Ren et al., 2005). Mutations in the
SH2B1 loci link to obesity in humans (Bochu-kova et al., 2010; Jamshidi et al., 2007; Thorleifsson et al.,
2009; Willer et al., 2009). Therefore, SH2B controls lipid and
energy homeostasis in both insects and mammals.
SH2B Regulates Carbohydrate Metabolism
in Both Insects and Mammals
To determine whether dSH2B regulates the metabolism of
glucose, we measured glucose and trehalose (a disaccharide
of glucose) in adult flies. Trehalose is the main form of circulatory
carbohydrates in insects. Disruption of the dSH2B gene resulted
in a marked increase in both hemolymph trehalose and hemo-
lymph sugar (a combination of both trehalose and free glucose)
(Figure 2I). Hemolymph trehalose increased by 37% in dSH2BD/D
flies compared with that in coisogenic wild-type animals. Whole-
body trehalose and total sugar levels increased by 102% and
85% in dSH2B-deficient flies, respectively (Figure 2J). We
reported previously that genetic deletion of SH2B1 results in
hyperglycemia and type 2 diabetes in mice (Duan et al., 2004b;
Li et al., 2006; Ren et al., 2005). Therefore, SH2B similarly regu-
lates glucose metabolism in both insects and mammals.
Glucosemetabolism ismainly regulated by insulin inmammals
and by dILPs in insects (Giannakou and Partridge, 2007; Taguchi
and White, 2008). In flies, ablation of the brain dILP-producing
cells, which express dILP2, 3, and 5, markedly increases hemo-
lymph glucose (Rulifson et al., 2002). In mammals, insulin1, 427–437, May 5, 2010 ª2010 Elsevier Inc. 429
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Figure 3. dSH2B Directly Promotes the IIS
Pathway
(A and B) Adult flies (3 days) were randomly fed (F), fasted
for 48 hr (S), or refed for 24 hr after 24 hr starvation (R).
The extracts were immunoblotted with the indicated
antibodies. Akt phosphorylation was quantified by densi-
tometry and normalized to total Akt protein levels (n = 3).
(C) Fat bodies were isolated from third-instar larvae and
treated with or without human insulin (10 mg/ml) for
15 min. Cell extracts were immunoblotted with the indi-
cated antibodies.
(D) Fat-body tissues were isolated from adult fly abdo-
mens and treated with insulin (0.1, 1, and 10 mg/ml) as
described in (C).
(E) S2 cells were transfected with dsRNAs against EGFP
(si-EGFP) or dSH2B (si-dSH2B). dSH2B mRNA abun-
dance was measured by quantitative RT-PCR 4 days after
transfection (n = 4).
(F) S2 cells were incubated with dsRNA for 4 days and then
transfected with plasmids encoding V5-tagged dFOXO.
Forty-eight hours after transfection, cells were deprived
of FBS for 6 hr and treated with insulin (0.001, 0.01, 0.1,
1, and 10 mg/ml) for 15 min. Cells extracts were immuno-
blotted with the indicated antibodies.
(G) V5-tagged dFOXOwas transiently coexpressedwith or
without dSH2B in S2 cells and treated with insulin (0.001,
0.01, 0.1, 1, and 10 mg/ml) as described in (F).
(H and I) S2 cells were cotransfected with dsRNAs and
plasmids encoding V5-tagged dFOXO. Forty-eight hours
after transfection, cells were deprived of FBS for 6 hr
and treated with insulin (10 mg/ml) for 15 min. Cells were
immunostained with anti-V5 antibody and visualized using
confocal microscopy. Cytoplasmic dFOXO-positive cells
were counted and normalized to the total number of cells
(four independent experiments). Data are presented as
means ±SEM. *p < 0.05.
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SH2B Regulation of Metabolism and Longevityresistance appears to be the primary risk factor for type 2 dia-
betes. We report that genetic deletion of the SH2B1 gene results
in severe insulin resistance and that pancreatic b cells secrete
additional insulin (hyperinsulinemia) to counteract insulin resis-
tance in SH2B1 null mice (Duan et al., 2004b; Li et al., 2006;
Ren et al., 2005). The expression of dILP2, 3, and 5wasmarkedly
increased in the brains of dSH2B null flies (Figure 2K). Therefore,
disruption of dSH2B may induce dILP resistance, thus
increasing dILP2/3/5 expression in dSH2BD/D flies.
SH2B Regulates Insulin-like Signaling in Both Insects
and Mammals
To determine whether dSH2B is involved in nutrient sensing,
wild-type and dSH2B-deficient dSH2BD/D flies were fed ad
libitum, starved, or refed after starvation. Tissue extracts were
immunoblotted with an anti-phospho-Akt antibody that recog-
nizes phosphorylated and active dAkt. In wild-type animals,
dAkt was highly phosphorylated under fed conditions; dAkt
phosphorylation was dramatically reduced during starvation
and increased to normal levels after refeeding (Figure 3A). In430 Cell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc.dSH2BD/D flies, dAkt phosphorylation was re-
duced under fed conditions, and refeeding did
not stimulate dAkt phosphorylation (Figure 3A).
Conversely, dSH2B overexpression in fat body
increased dAkt phosphorylation in adh-GAL4/UAS-dSH2B flies under both fed and refed conditions
(Figure 3B). These data suggest that dSH2B is involved in
nutrient sensing.
To determine whether dSH2B promotes insulin-like signaling,
fat bodies were isolated from third-instar larvae and treated with
human insulin. Human insulin potently activates dInR (Fernan-
dez-Almonacid and Rosen, 1987). Insulin rapidly and robustly
stimulated dAkt phosphorylation in wild-type fat body; however,
disruption of dSH2B dramatically attenuated the ability of
insulin to stimulate dAkt phosphorylation in dSH2BD/D fat body
(Figure 3C). Disruption of dSH2B also markedly impaired
insulin-like signaling in abdominal fat-body tissues of adult flies
(Figure 3D).
To determine whether dSH2B directly increases dILP sig-
naling, dSH2B expression was reduced in Drosophila S2 cells
by siRNA (si-dSH2B)-based gene silencing (Figure 3E). In si-
EGFP-treated S2 cells (control), insulin dose-dependently
stimulated dAkt phosphorylation; insulin also stimulated dFOXO
phosphorylation, as revealed by an upward shift in dFOXO
mobility (Figure 3F). dSH2B knockdown dramatically reduced
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Figure 4. dSH2B Enhances the Chico Pathway
(A) S2 cells were transiently cotransfected with V5-tagged
Chico plasmids and dSH2B plasmids. Cell extracts were
prepared 48 hr after transfection, immunoprecipitated
with anti-V5 antibody, and immunoblotted with the indi-
cated antibodies. Cell extracts were immunoblotted with
anti-dSH2B or anti-V5 antibodies.
(B) V5-tagged Chico was transiently coexpressed with or
without dSH2B in S2 cells. Cells were treated with insulin
for 15 min 48 hr after transfection. Cell extracts were
immunoprecipitated with anti-V5 antibody and immuno-
blotted with the indicated antibodies.
(C) S2 cells were incubated with dsRNA for 4 days, trans-
fected with plasmids encoding V5-tagged Chico, and
treated with insulin for 15min. Cell extracts were immuno-
precipitated with anti-V5 antibody and immunoblotted
with the indicated antibodies.
(D) Chico mRNA abundance was measured by quantita-
tive RT-PCR in wild-type (WT) and ChicoC/C (C/C) adult
flies (32 flies per group).
(E) Total TAG levels were measured in adult flies (3 days)
and normalized to total protein levels (32 flies per group).
(F) Survival curves of adult flies (3 days) in response to
starvation (120 flies per group). Data are presented as
means ±SEM. *p < 0.05.
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SH2B Regulation of Metabolism and Longevitythe ability of insulin to stimulate phosphorylation of both dAkt
and dFOXO (Figure 3F). Conversely, dSH2B overexpression
increased insulin-stimulated phosphorylation of dAkt and
dFOXO, particularly at low insulin concentrations (Figure 3G).
dSH2B knockdown also inhibited the ability of insulin to
stimulate the translocation of dFOXO from the nucleus to the
cytoplasm (Figures 3H and 3I); conversely, dSH2B overexpres-
sion increased insulin-stimulated cytoplasmic translocation of
dFOXO (Figure S3A). The d4E-BP and dInR genes are physiolog-
ical targets of dFOXO (Puig et al., 2003; Puig and Tjian, 2005;
Teleman et al., 2005). In wild-type flies, feeding markedly sup-
pressed the expression of d4E-BP and dInR, presumably by
activating the dILP/dAkt pathway (Figure S3B). In dSH2BD/D
flies, the expression of dInR significantly decreased under
starved conditions; d4E-BP/dInR expression was not inhibited
by feeding (Figure S3B). Taken together, these data indicate
that dSH2B cell-autonomously promotes the activation of the
dILP/dAkt/dFOXO pathway in flies.
To determine whether dSH2B physically interacts with Chico,
dSH2Bwas coexpressedwithChico in S2 cells. dSH2B coimmu-
noprecipitated with Chico (Figure 4A). dSH2B overexpression
also increased the ability of insulin to stimulate tyrosine phos-
phorylation of Chico (Figure 4B). Conversely, dSH2B knockdown
decreased insulin stimulation of Chico phosphorylation (Fig-
ure 4C). To determine whether dSH2B genetically interacts with
Chico, Chico-deficient flies, in which theChico gene was disrup-
tedbyaPelement insertion (designated asChicoC), were charac-
terized. Chico mRNA was reduced by 60% in homozygous
ChicoC/C flies (Figure 4D). Whole-body TAG levels and starvation
resistance were increased inChicoC/C flies, but to a lesser extentCthan in dSH2BD/D flies (Figures 4E and 4F). dSH2BD/D flies were
crossed with ChicoC/C flies to generate double mutant flies
homozygous for both dSH2BD/D and ChicoC/C. Disruption of
Chico did not further increase TAG levels and starvation resis-
tance in ChicoC/C;dSH2BD/D double mutant flies compared with
dSH2BD/D flies (Figures 4E and 4F). These data suggest that
dSH2B and Chico may act in the same pathway(s) downstream
of dInR. We previously reported that SH2B1 cell-autonomously
enhances insulin signaling inmammals (Duanet al., 2004a;Morris
et al., 2009). Therefore, SH2B directly mediates/promotes
insulin-like signaling in both insects and mammals.
dSH2B in Fat Body Controls Lipid and Carbohydrate
Metabolism
Fat body controls growth and metabolism by sensing nutrients
(Colombani et al., 2003; Ge´minard et al., 2009; Hyun et al.,
2009). To determine the metabolic role of fat-body dSH2B,
dSH2B was specifically overexpressed in fat body by crossing
UAS-dSH2B flies with adh-GAL4 drivers. adh-GAL4 drivers
direct the expression of UAS-controlled transgenes specifically
in fat bodies (Fischer et al., 1988; Hwangbo et al., 2004; Luo
et al., 1994). dSH2B expression was increased in adh-GAL4/
UAS-dSH2B flies (Figure S4A). Fat-body-specific expression of
dSH2B significantly reduced lipid levels, hemolymph sugar
levels, and starvation resistance in adh-GAL4/UAS-dSH2B flies
(Figures 5A–5C). To verify these observations, dSH2B was over-
expressed in fat body using two additional fat-body-specific
drivers: lsp2-GAL4 and ppl-GAL4 lines (Okamoto et al., 2009;
Pospisilik et al., 2010). Fat-body-specific expression of dSH2B
similarly reduced lipid levels and hemolymph carbohydrates inell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc. 431
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Figure 5. Fat Body dSH2B Regulates Lipid and
Carbohydrate Metabolism
(A) Whole-body TAG levels were measured in adult
flies (3 days) and normalized to total protein levels
(32 flies per group).
(B) Hemolymph sugar levels in adult flies (3 days)
(60 flies per group).
(C) Survival curves of adult flies (3 days) in response to
starvation (100 flies per group). Data are presented as
means ±SEM. *p < 0.05.
(D) Whole-body TAG levels were measured in adult
flies (3 days) and normalized to total protein levels
(32 flies per group).
(E) Hemolymph sugar levels in adult flies (3 days)
(60 flies per group).
(F) Survival curves of adult flies (3 days) in response to
starvation (100 flies per group). Data are presented as
means ±SEM. *p < 0.05.
(G) Whole-body TAG levels were measured in adult
flies (3 days) and normalized to total protein levels
(32 flies per group).
(H) Hemolymph sugar levels in adult flies (3 days)
(60 flies per group).
(I) Survival curves of adult flies (3 days) in response to
starvation (100 flies per group). Data are presented as
means ±SEM. *p < 0.05.
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GAL4/+ animals (Figures S4C-S4F).
To determine whether fat-body-specific restoration of dSH2B
rescues growth and metabolic defects in dSH2B null animals,
adh-GAL4/UAS-dSH2B;dSH2BD/D flies, in which dSH2B was
expressed in fat body, were generated through genetic crosses.
adh-GAL4/+;dSH2BD/D flies were used as controls. Fat-body-
specific restoration of dSH2B not only rescued dwarf pheno-
types in dSH2B null flies (Figure S4B), but also significantly
decreased lipid levels, hemolymph glucose, and starvation resis-
tance (Figures 5D–5F). These observations indicate that fat-body
dSH2B plays a key role in regulating glucose and lipid metabo-
lism, presumably by cell-autonomously enhancing insulin-like
signaling.
To determine whether neuronal dSH2B is also involved in the
regulation of growth and metabolism, dSH2B was overex-
pressed in neurons by crossing UAS-dSH2B flies with pan-
neuron elav-GAL4 drivers to generate elav-GAL4/UAS-dSH2B
lines. dSH2B expression was increased in the head, but not
the body, of elav-GAL4/UAS-dSH2B flies (Figure S5A).
Neuron-specific overexpression of dSH2B did not alter total
TAG levels and hemolymph glucose, but marginally decreased
starvation resistance (Figures 5G–5I). Moreover, neuron-specific
restoration of dSH2B failed to rescue dwarf phenotypes and was
unable to decrease lipid levels and starvation resistance in
dSH2B null flies (Figures S5B and S5C). These data suggest
that neuronal dSH2B plays a minor role in energy homeostasis
in flies. In stark contrast, we previously reported that neuron-
specific restoration of SH2B1 fully rescues the obesity and
type 2 diabetes phenotypes in SH2B1 null mice (Ren et al.,
2007). These results suggest that neuronal SH2B1 has evolved
new metabolic functions in mammals.432 Cell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc.SH2B Regulates Life Span in Insects and Mammals
Genetic disruption of dSH2B significantly extended the life span
of bothmale and female flies (Figures 6A and 6B). Themedian life
span increased by 14% in male and 33% in female dSH2BD/D
flies, whereas the maximal life span increased by 14% in male
and 15% in female dSH2BD/D flies. dSH2B deficiency also
extended life span in dSH2BD/F flies (Figure S6A). Conversely,
systemic overexpression of dSH2B reduced longevity in both
male and female actin-GAL4/UAS-dSH2B flies (Figures 6C and
6D). The median life span decreased by 19% in male and
16% in female actin-GAL4/UAS-dSH2B flies. The UAS-dSH2B
transgene alone did not alter the life span of UAS-dSH2B flies
(Figures S6B and S6C).
Since dSH2B in fat body plays a key role in regulating lipid and
glucose metabolism, we examined the life span of adh-GAL4/
UAS-dSH2B flies in which dSH2B is overexpressed specifically
in fat body. Surprisingly, fat-body-specific overexpression of
dSH2B altered neither the median life span nor the survival
curves of adh-GAL4/UAS-dSH2B flies (Figure S6D). In contrast,
neuron-specific overexpression of dSH2B shortened life span in
both male and female elav-GAL4/UAS-dSH2B flies (Figures 6E
and 6F). The median life span decreased by 10% in male and
11% in female elav-GAL4/UAS-dSH2B flies compared with
elav-GAL4/+ drivers. These results suggest that dSH2B in
neurons, but not fat body, plays an important role in regulating
aging and longevity in insects.
To determine whether SH2B regulation of longevity is con-
served in mammals, survival rates were measured in SH2B1
knockout and wild-type littermates. The life span of SH2B1
knockout male mice was dramatically reduced, largely due to
diabetic complications (data not shown). However, SH2B1 null
females maintained normal blood glucose levels due to
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Figure 6. SH2B Regulates Longevity Differently between Flies and Mice
(A and B) Survival curves of wild-type (WT) and dSH2B-deficient flies (200 flies per group).
(C and D) Survival curves of actin-GAL4/+ (act-Con) or actin-GAL4/UAS-dSH2B (act-dSH2B) flies (140 flies per group).
(E and F) Survival curves of elav-GAL4/+ (elav-Con) or elav-GAL/UAS-dSH2B (elav-dSH2B) flies (180 flies per group).
(G) Blood glucose levels in fed (44 weeks; WT, n = 12; KO, n = 10) and fasted (49 weeks; WT, n = 12; KO, n = 9) females.
(H) WT (n = 16) and KO (n = 18) females were housed in a pathogen-free room, and their survivals were monitored daily. Survival rates were calculated as percent
of the initial number of mice. Data are presented as means ±SEM.
Cell Metabolism
SH2B Regulation of Metabolism and Longevitycompensatory hyperinsulinemia (Figure 6G). Surprisingly, dele-
tion of SH2B1 markedly decreased the life span of SH2B1 null
females (Figure 6H). The median life span was reduced by
29% in SH2B1 null mice compared with wild-type littermates.
Therefore, dSH2B (in insects) and SH2B1 (in mammals) may
regulate life span differently.
SH2B Regulates Oxidative Resistance in Insects
and Mammals
Oxidative stress is an important contributing factor to aging
processes (Balaban et al., 2005). Adult flies were treated with
paraquat to induceoxidative stress, and survival rateswere calcu-
lated. Disruption of dSH2B increased oxidative resistance. The
median survival time increased by 20% in dSH2BD/D animals
(Figure 7A). Conversely, systemic overexpression of dSH2B
increased sensitivity to oxidative stress; the median survival time
decreased by 34% in actin-GAL4/UAS-dSH2B flies (Figure 7B).CMoreover, neuron-specific overexpression of dSH2B increased
the sensitivity to oxidative damage, as revealed by a 14% reduc-
tion in the median survival time of elav-GAL4/UAS-dSH2B flies
compared with that of elav-GAL4/+ drivers (Figure 7C). However,
fat-body-specific overexpression of dSH2B did not alter sensi-
tivity to oxidative stress (data not shown).
To determine whether SH2B1 similarly regulates oxidative
stress in mammals, SH2B1 knockout and wild-type female litter-
mates (11–14 weeks) were treated with paraquat. Deletion of
SH2B1 markedly reduced survival rates of mice treated with
paraquat (Figure 7D). Therefore, dSH2B (in insects) and SH2B1
(in mammals) regulate oxidative resistance in a different manner.
DISCUSSION
The Drosophila genome contains a single dSH2B gene. This
gene has evolved into three distinct genes (SH2B1, 2, and 3) inell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc. 433
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Figure 7. SH2B Regulates Oxidative Response Differently between Flies and Mice
(A–C) Adult flies (A and B, 3 days; C, 30 days) were treated with 30 mM paraquat, and survival rates were measured (120 flies per group).
(D) Wild-type (n = 6) and KO (n = 6) females (11–14 weeks) were intraperitoneally injected with paraquat (70 mg/kg body weight), and survivals were monitored
hourly. Survival rates were calculated as percent of the initial number of mice. Data are presented as means ±SEM.
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(e.g., growth, reproduction, and metabolism) are evolutionarily
conserved; however, they are not equally distributed among
the three SH2B family members. SH2B1, 2 and/or 3 may also
evolve new functions in mammals.
SH2B Is Conserved to Regulate Growth, Glucose
Metabolism, and Reproduction
We previously reported that in mammals, SH2B1 binds to both
the insulin receptor and IRS proteins (Duan et al., 2004a; Morris
et al., 2009). SH2B1 directly enhances insulin signaling by
promoting insulin receptor phosphorylation of IRS proteins and
by preventing dephosphorylation of IRS proteins (Morris et al.,
2009). Genetic deletion of SH2B1 results in insulin resistance
and type 2 diabetes in mice (Duan et al., 2004b; Morris et al.,
2009). Deletion of SH2B1 also impairs reproduction (Ohtsuka
et al., 2002). In this study, we showed that dSH2B bound to
Chico and promoted insulin-stimulated phosphorylation of
Chico, dAkt, and dFOXO. Disruption of dSH2B increased dILP
resistance and hemolymph glucose in flies; conversely, dSH2B
overexpression decreased dILP resistance and hemolymph
glucose. dSH2B null flies were dwarf, and females were sterile.
SH2B1 null mice also exhibited growth retardation. These data
suggest that SH2B regulation of the IIS pathway, growth,
glucose metabolism, and reproduction is largely conserved in
SH2B1. Consistent with this idea, deletion of SH2B2 or SH2B3
does not alter growth and glucose metabolism in mice (Li
et al., 2006; Minami et al., 2003; Tong et al., 2005; Velazquez
et al., 2002).
The Werz group recently reported similar dwarf phenotypes in
dSH2B null flies (Werz et al., 2009). The authors proposed that
dSH2B (dLnk) acts in parallel to Chico, because simultaneous
disruption of both dSH2B and Chico are lethal (Werz et al.,
2009). We also observed a reduced survival rate, but not434 Cell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc.completely synthetic lethality, of ChicoC/C;dSH2BD/D double
mutant flies (data not shown). Our ChicoC/C flies had the Chico
hypomorphic but not null alleles, which may explain the discrep-
ancy between these two studies. The Chico/dSH2B synthetic
lethality is rescued by PTEN haploinsufficiency; dSH2B defi-
ciency does not further inhibit growth, as revealed by similar
body sizes between Chico and Chico/dSH2B double null
animals (Werz et al., 2009). These results are consistent with
our proposal that dSH2B and Chico may act in the same path-
way(s) downstream of dInR. However, our results do not exclude
the possibility that dSH2B may activate additional Chico-inde-
pendent pathways.
Neuronal SH2B1 Has Evolved a Function
to Control Energy Homeostasis
We observed that disruption of dSH2B increased lipid levels and
energy conservation in flies; conversely, dSH2B overexpression
decreased energy conservation. Moreover, dSH2B overexpres-
sion in fat bodies but not neuronal tissues decreased lipid levels,
hemolymph glucose, and energy conservation. These observa-
tions indicate that in insects, dSH2B in fat body plays a key
role in regulating lipid metabolism and energy homeostasis.
Deletion of SH2B1 but not the other SH2B family members
results in obesity and type 2 diabetes in mice, suggesting that
the metabolic functions of dSH2B are largely conserved in
SH2B1 (Li et al., 2006; Ren et al., 2005). Moreover, mutations
in the SH2B1 loci are genetically linked to obesity in humans
(Jamshidi et al., 2007; Thorleifsson et al., 2009; Willer et al.,
2009). A rare chromosomal deletion of the SH2B1 loci cosegre-
gates with early-onset severe obesity and insulin resistance in
humans (Bochukova et al., 2010). Neuronal restoration of
SH2B1 fully rescues the obesity and type 2 diabetes phenotypes
in SH2B1 null mice, suggesting that SH2B1 in the central
nervous system plays a dominant role in controlling energy
Cell Metabolism
SH2B Regulation of Metabolism and Longevityhomeostasis (Ren et al., 2007). Neuronal SH2B1 controls energy
metabolism and body weight at least in part by promoting the
anorexigenic response to leptin in the brain (Li et al., 2007; Ren
et al., 2007).
SH2B Regulates Longevity and Oxidative Stress
The IIS system is conserved in Caenorhabditis elegans,
Drosophila melanogaster, and mammals to regulate longevity
(Giannakou and Partridge, 2007; Holzenberger et al., 2003;
Taguchi and White, 2008; Tatar et al., 2001). Given the fact
that dSH2B promotes the activation of the IIS pathway, it is not
surprising that disruption of dSH2B increased both oxidative
resistance and life span in flies. Conversely, ubiquitous overex-
pression of dSH2B decreased oxidative resistance and
longevity. In agreement with our observations, Slack et al. have
independently reported that dSH2B deficiency increases stress
resistance and life span (Slack et al., 2010). dFOXO is a critical
component of the IIS system (Giannakou and Partridge, 2007;
Taguchi and White, 2008). Loss of dFOXO reduces life span;
conversely, dFOXO activation in the adult head fat body
increases oxidative resistance and life span (Giannakou et al.,
2004, 2008; Hwangbo et al., 2004). However, neuronal dFOXO
appears not to be involved in regulating longevity (Hwangbo
et al., 2004). We observed that neuron-specific but not fat-
body-specific overexpression of dSH2B decreased life span
and oxidative resistance. These data suggest that dFOXO is
unlikely to mediate dSH2B regulation of oxidative resistance
and longevity. Moreover, dSH2B may also regulate life span by
an additional IIS-independent mechanism.
In contrast, deletion of SH2B1 reduced longevity and oxidative
resistance in female mice in the absence of type 2 diabetes. The
shortened life span cannot be explained by obesity and insulin
resistance, because brain-specific deletion of IRS2 extends life
span in the presence of life-long obesity and insulin resistance
(Taguchi et al., 2007). A simple interpretation of these observa-
tions is that dSH2B regulation of oxidative resistance and
longevity is conserved in other SH2B family members. SH2B3
is unlikely to regulate longevity because its expression is
restricted to the immune system (Tong et al., 2005; Velazquez
et al., 2002). SH2B2, which is expressed in multiple tissues,
may act as dSH2B to regulate longevity in mammals. However,
we cannot exclude the possibility that SH2B1 may regulate life
span in a cell type-specific manner similar to dSH2B; however,
systemic deletion of SH2B1may cause an unknown pathological
alteration that shortens the life span independently of aging in
our mouse models. In agreement with this idea, systemic dele-
tion of the insulin receptor results in neonatal death (Accili
et al., 1996), whereas fat-specific deletion of the insulin receptor
extends life span in mice (Blu¨her et al., 2003).
In summary, we reported that key functions of dSH2B (e.g., its
regulation of the IIS pathway, growth, glucose metabolism,
energy homeostasis, and reproduction) are conserved in
SH2B1. While dSH2B in fat body plays a key role in regulating
energy metabolism in flies, neuronal SH2B1 has evolved a more
prominent role in controlling energy homeostasis and body
weight in mammals. dSH2B, particularly neuronal dSH2B, nega-
tively regulates longevity in flies; in contrast, SH2B1 deficiency
shortens life span in mice. The other SH2B family members
may regulate oxidative response and longevity in mammals.CEXPERIMENTAL PROCEDURES
Mouse Experiments
SH2B1 knockout mice were generated by DNA homologous recombination
(Duan et al., 2004b). Mice (129Sv/C57BL/6 mixed genetic background) were
housed under pathogen-free conditions on 12 hr light/dark cycles with
ambient temperature at 22C in the Unit for Laboratory Animal Medicine
(ULAM) at the University of Michigan, with free access to water and standard
mouse chow. Blood samples were collected from the tail vein. Female mice
(11–14 weeks) were intraperitoneally injected with paraquat (methyl viologen,
70 mg/kg body weight) and monitored hourly for survival. Animal experiments
were conducted following the protocols approved by the University
Committee on the Use and Care of Animals (UCUCA).
Drosophila Stocks and Life Span Assays
The P{XP}Lnkd07478 line (designated as dSH2BD/D for homozygote), in which
a P element (7 kb) was inserted in the first intron to disrupt the dSH2B
gene, was obtained from the Bloomington Drosophila Stock Center. The
PBac{WH}Lnkf02642 line (designated as dSH2BF/F), in which a P element
(7 kb) was inserted in the second intron to disrupt the dSH2B gene, was
obtained from the Exelixis Collection at the Harvard Medical School.
ChicoKG00032 (designated as ChicoC/C) and GAL4 driver lines were from the
Bloomington Drosophila Stock Center. Fly stocks were maintained at 25C
on 12 hr light/dark cycles and on standard food medium (15 g/l inactivated
yeast powder, 60 g/l corn flour, 10 g/l agar, 100 g/l sucrose, 15 ml/l 10%
Tego in ethanol). Both dSH2B and Chico mutant lines were backcrossed
(>6 times) into the w1118 background. Briefly, wild-type w1118 female virgins
were mated with dSH2B or Chicomutant males to ensure the transfer of cyto-
plasmic constituents fromw1118 to the progeny. Heterozygousmutant females
were backcrossed to wild-type w1118 males for over six generations. For life
span assays, newly eclosed males or females were placed in vials (20 flies
per vial). Flies were transferred to fresh food every other day, and the number
of dead flies was recorded.
Generation of dSH2B Transgenic Flies
A full length of dSH2B cDNA was generated by RT-PCR using primers
50-GCTGGGTAACTCGTGTGG and 50-CGGACTTAGGTGAAGCTGTAC, veri-
fied by DNA sequencing, and inserted into a P element vector (pUAST-
dSH2B). The pUAST-dSH2B vectors were used to generate three independent
UAS-dSH2B transgenic lines following standard germline transformation
procedures (Rubin and Spradling, 1982). The UAS-dSH2B transgenic lines
were crossed with a double balancer line (CyO/Bl;TM2,Ubx/TM6B,Tb) to iden-
tify the chromosomes that contain the UAS-dSH2B transgene. A UAS-dSH2B
line in which the transgene was inserted on the second chromosome was
used in the current study. The UAS-dSH2B line or a coisogenic wild-type
line was crossed with actin-GAL4, elav-GAL4, adh-GAL4, lsp2-GAL4, or
ppl-GAL4 driver lines to generate various dSH2B transgenic lines in
which dSH2B was overexpressed specifically in whole body (actin-GAL4/
UAS-dSH2B), neurons (elav-GAL4/UAS-dSH2B), or fat body (adh-GAL4/
UAS-dSH2B, UAS-dSH2B/+;lsp2-GAL4/+, UAS-dSH2B/+; ppl-GAL4/+) or
the corresponding GAL4 driver control lines.
Starvation and Paraquat Resistance Assays
Flies (at 3–4 days of age; 20 flies per group) were maintained on starvation
medium containing only 2% agar (starvation assays) or on starvation medium
supplemented with 5% sucrose and 30 mM paraquat (paraquat resistance
assays). Flies were transferred to fresh medium daily, and the number of
dead flies was recorded every 12 hr.
Cell Culture, Transfection, and siRNA Experiments
Drosophila S2 cells were cultured at 26C in Schneider’s medium (Invitrogen
Corporation; Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. S2 cells were cotrans-
fected with dSH2B and dFOXO expression vectors using Effectene (QIAGEN;
Valencia, CA) according to the manufacturer’s instructions. Forty-eight hours
after transfection, cells were deprived of FBS for 6 hr and treated with human
insulin for 15 min. Cell extracts were immunoblotted with indicated antibodies.
For siRNA experiments, S2 cells (106 cells) were transfected twice withell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc. 435
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SH2B Regulation of Metabolism and Longevitysi-dSH2B or si-EGFP (control) dsRNA (15 mg on day 1 and 15 mg on day 3). The
primers used to prepare dsRNAs were: dSH2B-forward, 50-GTCTTTTGTTTC
CTCATCTCGG-30; dSH2B-reverse, 50-GCACCAAAAAGTATCCATGTCC-30;
EGFP-forward, 50-GAGGAGCTGTTCACCGGG-30; EGFP-reverse, 50-ATGGG
GGTGTTCTGCTGGT-30.
Fat-Body Isolation and Culture
Fat bodies were manually isolated from larvae or adult fly abdominal tissues
(starved for 6 hr). The dissection was completed within 60 min. Fat-body
tissues (30 larvae/group or 10 adult flies/group) were immediately transferred
to Schneider’s medium and treated with or without human insulin at 26C for
15 min. Fat-body tissues were then collected by centrifugation and lysed in
lysis buffer.
Immunoprecipitation, Immunoblotting, and Quantitative RT-PCR
S2 cells or fat-body tissues were lysed in a lysis buffer (50 mM Tris-HCl [pH
7.5], 5 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mM Na3VO4, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1% Nonidet
P-40). The extracts were immunoblotted with indicated antibodies or used
for immunoprecipitation assays. Briefly, the extracts were incubated at 4C
with primary antibodies for 2 hr and subsequently with protein A or protein G
agarose-beads for an additional hour. The beads were extensively washed
with lysis buffer and boiled for 5 min in SDS-PAGE sample buffer (50 mM
Tris-HCl [pH 6.8], 2% SDS, 2% b-mercaptoethanol, 10% glycerol, 0.005%
bromophenol blue). The eluted proteins were immunoblotted with indicated
antibodies. Anti-Akt (aAkt) and a-phospho-Akt (pSer473) were purchased
from Cell Signaling Technology, Inc. (Beverly, MA). a-tubulin and V5 were
from Sigma-Aldrich (St. Louis). Polyclonal anti-dSH2B antibody was raised
against the N-terminal 100 amino acids of dSH2B fused to glutathione S-trans-
ferase. For quantitative RT-PCR assays, total RNA was extracted from animal
tissues using TRIzol reagent (Invitrogen). The first-strand cDNAs were gener-
ated using total RNA (4 mg), random primers, and SuperScript II kits (Invitro-
gen). Quantitative RT-PCR assays were performed using the SYBR Green
PCR Master Mix and the Applied Biosystems ABI Prism 7000 Sequence
Detection System (Applied Biosystems; Foster City, CA).
Measurements of Carbohydrate and TAG in Flies
Flies (eight per group) were anesthetized using CO2, homogenized in 1 ml TBS
buffer (5mMTris [pH 6.6], 137mMNaCl, 2.7mMKCl), heated at 70C for 5min,
and centrifuged at 14,000 rpm for 10 min. Supernatant (25 ml) was then
incubated with 1 ml porcine trehalase (Sigma T8778) at 37C overnight and
used to measure whole-body glucose levels using a glucose assay reagent
(Sigma G3293). Sugar levels were normalized to total protein levels. Hemo-
lymphwas collected from flies (15 per group) or larvae (eight per group) starved
for 6 hr and centrifuged (flies only) at 15003 g for 15min. Hemolymph (1 ml) was
diluted in 19 ml TBS buffer, heated at 70C for 5 min, and centrifuged at
14,000 rpm for 10 min. Supernatant was incubated with 1 ml porcine trehalase
at 37C overnight and used to measure circulating glucose levels. Flies (eight
per group) were anesthetized and homogenized in 1 ml lysis buffer (0.05%
Tween 20 and 0.5 mM phenylmethylsulfonyl fluoride), heated at 70C for
5 min, and centrifuged at 14,000 rpm for 10 min. Supernatant (20 ml) was
used to measure TAG using TAG determination kits (Sigma-Aldrich).
Immunostaining Assays
The abdomens of newly eclosed male flies were manually opened. Fat bodies
were released and floated in a mounting medium (50% glycerol, 0.1% Tween,
and 2 mM Nile red in PBS). Cells were visualized within 2 hr after mounting
using a confocal microscopy (LSM 510 META, Carl Zeiss; Oberkochen,
Germany). S2 cells were fixed with 4% paraformaldehyde for 15 min, blocked
in 2% BSA for 1 hr, and incubated sequentially with primary antibodies
overnight at 4C and secondary antibodies for 2 hr. The nucleus was stained
with DAPI 5 min prior to mounting. Cells were visualized by a confocal micros-
copy.
Statistical Analysis
The data are presented as the mean ±SEM. Student’s t tests were used
for comparisons between two groups. p < 0.05 was considered statistically
significant. Life span data were analyzed by log rank tests.436 Cell Metabolism 11, 427–437, May 5, 2010 ª2010 Elsevier Inc.SUPPLEMENTAL INFORMATION
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